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The present paper describes the results of an experimental 
study on cover stones/riprap on a liquefiable soil bed. The 
soil was silt with d50=0.098 mm. Stones, the size 4 cm, were 
used as cover material. Various configurations of the cover 
stones were tested: One-layer deep, loose packing; One-
layer deep, dense packing; Two-layers deep, loose packing; 
Three-layers deep, loose packing. Also, a test was carried 
out without a cover layer (the reference case). The 
experiments show that the soil liquefaction is dependent on 
the packing density of the cover stones; and the number of 
stone layers. The experiments also show that, when the soil 
is liquefied, stones penetrate/sink deep in the soil.  
Mechanisms related to the process of liquefaction of soil and 
that of sinking/penetration of cover material are described, 
and recommendations are made as to how cover stones can 
be used as a counter measure to protect soil against 
liquefaction. 
I. INTRODUCTION 
Surface protection by cover stones/riprap over a 
liquefiable soil (e.g., backfill soil, silt or fine sand, in a 
trench) is a method to protect the soil against scouring. 
Although a fairly substantial amount of knowledge has 
been gained on the behaviour of cover stones/riprap on a 
“liquefaction-resistant” sand bed (see e.g. References [1] 
and [2]), no study is yet available, investigating such 
protection systems over a liquefiable soil except 
Reference [3]. Using centrifuge wave testing, the latter 
authors studied the behaviour of a liquefiable soil covered 
(completely or partially) with gravel. Although limited to 
four tests (two tests with gravel covering the entire soil 
surface and two tests with that covering the soil surface 
only partially), the experiments in Reference [3] indicated 
that the soil was not liquefied when it was fully covered 
with the gravel.  
 
The purpose of the present work is to study the 
behaviour of cover stones and underlying soil, addressing 
to the following questions (1) Can a liquefaction-prone 
soil underneath a stone protection system be liquefied 
even if it is fully covered? (2) Can cover stones/riprap be 
used as a counter measure against liquefaction? (3) What 
is the effect of packing density of the cover stones/riprap? 
(4) What is the effect of the number of cover-stones 
layers? (5) What is the behaviour of the cover 
stones/riprap if/when the soil underneath is liquefied 
(penetration distance)?  
II. EXPERIMENTAL SETUP 
The experiments were carried out in a wave flume, 0.6 
m in width, 0.8 m in depth and 26.5 m in length. The 
water depth was maintained at 40 cm. The soil was placed 
in a 0.165 m deep, 0.56 m wide and 0.84 m long perspex 
box, located at 12 m from the wave generator. The box 
was placed in the flume so that the soil surface was flush 
with the false bottom of the flume (Fig. 1). 
  
Two kinds of measurements were carried out: pore-
water pressure measurements, and water-surface elevation 
measurements (at the same section as the pressure 
measurements). The pressure measurements were made in 
the middle of the silt box at five depths, z=0, 5, 10, 13 and 
16 cm, in which z is the vertical distance measured 
downwards from the mudline (Fig. 1). The pore-pressure 
measurements were made, using Honeywell RS395 
pressure transducers.  
 
The soil used in the tests was silt. d50, the grain size 
where 50% of soil is finer, is 0.098 mm; Specific gravity 
of sediment grains, s=γs/γ=2.65; Ratio between horizontal 
and vertical effective stresses, K0=0.50; Maximum void 
ratio, emax=0.90; Minimum void ratio, emin=0.44. 
 
Stones the size D=4 cm were used as cover stones in 
the tests. D was obtained from 
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dimensions measured in three major axes of an individual 
stone, and Ns the sample size, which was 40. 
  
The stones were laid in one layer, two layers and three 
layers. Two kinds of stone packing were tested: loose 
packing and dense packing. In the loose packing, stones 
were placed in such away that the porosity was rather 
large while, in the dense packing arrangement, they were 
placed so that the porosity was quite small (stones being 
arranged like in a ''jigsaw puzzle'' exercise). The 
degree/density of packing was measured in terms of 
weight of cover stones per unit area of the bed, per stone 
layer, w. The larger the value of w, the denser the packing.  
  
Figure 1. Test set-up and the coordinate system. 
 
The stones initially lying on the entire bed were collected 
at the end of each test and weighed to get the quantity w. 
In the case of the loose packing, w was w=0.31-0.36 kPa 
per layer, and, in the case of the dense packing, it was 
w=0.53 kPa per layer. From w, the porosity of cover 
stones is obtained by 
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in which s is the specific gravity of the cover stones 
(2.65), γ the specific weight of water, and zD the mean 
stone height when stones are placed in a cover layer. The 
latter was found to be 3.2±0.7 cm (the figure 0.7 cm being 
the standard deviation). The porosity values obtained in 
this way are n=0.57-0.63 for the loose-packing tests, and 
n=0.36 for the dense-packing tests. 
  
The design of the tests was determined on the basis of 
the results of the one-layer stones tests. These tests 
showed that the soil was not liquefied with the dense-
packing arrangement, as will be detailed later, and 
therefore no test was carried out with two and three layers 
of stones with the dense packing as no liquefaction would 
have occurred in these cases. Hence experiments were 
conducted with two and three layer stones with only the 
loose packing density. No test was conducted with four 
layers, as the three-layer test with the loose packing 
showed that no liquefaction occurred (as will be detailed 
later), and therefore it was concluded that liquefaction 
would not occur in the case of the four-layers cover stones 
even with the loose packing.  
 
The number of tests conducted: 3 tests for the case of 
the loosely-packed stones, one layer deep; 1 test for the 
case of the loosely-packed stones, two-layers deep; 1 test 
for the case of the loosely-packed stones, one-layer deep; 
2 tests for the case of the densely-packed stones, one-layer 
deep; and finally 1 test for the case of no stones (reference 
case). 
 
The test conditions for the wave climate are: Wave 
height, H=17 cm; Wave period, T=1.6 s, Water depth, 
h=40 cm, Maximum value of orbital velocity at the bed 
(measured), Um=31.2 cm/s; Maximum value of friction 
velocity (calculated from the wave friction factor, 
Reference [4]), Ufm=2.5 cm/s; Grain Reynolds number, 
d50Ufm/ν=2.4; and the Shields parameter, θ=0.4. 
 
The way in which the soil was placed in the silt box 
was the same as in References [6]. The test duration (from 
the instant where the waves were switched on to that 
where the waves were stopped) was 30 minutes. This 
covered the entire liquefaction-compaction process. The 
latter process is described in References [5] and [6]. 
III. RESULTS AND DISCUSSION  
A. Soil response with loosely-packed cover stone 
Fig. 2 presents the pore-pressure time series measured 
at depth z=16 cm where p is the pore-water pressure in 
excess of the static pore-water pressure at this depth, the 
excess pore pressure. Fig. 2 a represents the undisturbed 
case with no cover stones (the reference case), Fig. 2 b 
with the one-layer cover stones, Fig. 2 c with the three-
layers cover stones. (The time series of the excess pore 
pressure for the two-layers cover stones case is similar to 
that of the one-layer situation, and is not shown here for 
reasons of space). 
  
With the introduction of waves, the excess pore 
pressure begins to build up (Figs. 2 a-c). The buildup of 
excess pore pressure can be explained as follows (see e.g. 
Reference [2], Chapter 10). The waves generate cyclic 
shear strains in the soil. If the soil grains are initially 
loosely packed, the previously mentioned cyclic shear 
strains in the soil will gradually rearrange the soil grains at 
the expense of the pore volume of the soil. The latter 
effect will ''pressurize'' the water in the pores, and 
presumably lead to a buildup of excess pore pressure in 
the case of an undrained soil. As the wave action 
continues, the excess pore pressure will continue to 
accumulate. 
 
First, consider the reference case (no stones, Fig. 2 a). It 
is seen that the accumulated period-averaged excess pore 
pressure eventually reaches a constant value, pmax. 
Liquefaction occurs when  
 'max pp = . (3) 
in which p’ is the initial mean normal effective stress,  
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in which γ’=γt-γ is the submerged specific weight of soil, γt  
the specific weight of soil and γ the specific weight of 
water. (It is to be noted that the precise form of the 
criterion for the onset of liquefaction is, as of yet, not 
understood very well. Reference [6] discussed this issue in 
detail. The latter authors concluded that the above 
criterion may, to a first approximation, be used for the   
 
 
Figure 2. Time series of excess pore pressure in the soil at z=16 cm. (a) 
No cover stones (Liquefaction); (b) Loosely-packed, one-layer cover 
stones (Liquefaction); (c) Loosely-packed, three-layers cover stones (No 
liquefaction). 
 
  
onset of liquefaction for most practical purposes, [7] and 
[2].) 
Although not shown here, the pressure time series 
obtained for the other depths (z=0, 5, 10 and 13 cm) 
showed that the liquefaction occurred first at the surface 
of the soil and then progressed downwards, in agreement 
with the previous research, [5], [6], [8] and [9].  
  
Figs. 2 b and c present the time series of the excess pore 
pressure for the cases with cover stones with one layer and 
three layers, respectively, at the same depth as in Fig. 2 a, 
i.e., z=16 cm. (The time series of the excess pore pressure 
for the two-layers cover stones case is similar to that of 
the one-layer situation, as pointed out earlier.)  
 
The initial mean normal effective stress, p’, will now 
have to be calculated by 
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in which ps is the surface loading (also termed the 
surcharge) corresponding to the cover stones. This is 
actually the submerged weight of the stones per unit area 
of the bed, and given by 
 γzs DnwNp )1( −−= . (6) 
in which N is the number of stone layers. The values of p’ 
are calculated from Eqs. 5 and 6 and plotted in Figs. 2 b 
and c. The following conclusions are drawn from Fig. 2. 
  
1. Fig. 2 b indicates that the soil under the cover stones 
is liquefied in the case of the one-layer cover. Although 
not shown here, the soil under the cover stones is also 
liquefied in the case of the two-layers cover stones. By 
contrast, there was no liquefaction in the case of the three-
layers cover stones (Fig. 2 c). This implies that, although 
covered by stones, the soil in the case of the one- and two-
layers cover stones was subject to cyclic shear strains 
which would gradually rearrange the soil grains at the 
expense of the pore volume of the soil, and the latter effect 
would ''pressurize'' the water in the pores, and presumably 
lead to a buildup of excess pore pressure, in exactly the 
same fashion as in the case of no stones, and this pressure 
buildup reaches such levels that it would eventually 
liquefy the soil. 
  
2. Although there is a buildup of excess pore pressure in 
the three-layers cover stones case (Fig. 2 c), this 
accumulation of pressure is not enough to liquefy the soil 
(cf. pmax/γ=3 cm and p’/γ=16.3 cm, the latter figure 
calculated from Eqs. 5 and 6). 
  
3. The measured pressure time series at the other soil 
depths (z=5, 10 and 13 cm) also reveal the same behaviour 
as in Fig. 2. 
  
4. Finally, stones sink in the liquefied soil. The process 
of sinking is described in Section III.D. 
B. Soil response with densely-packed cover stones 
Fig. 3 displays the pressure time series obtained in the 
case of the densely-packed stones at z=16 cm. Two tests 
were conducted with the densely packed stones, and the 
results were practically the same.  
  
Fig. 3 shows that although there is a buildup of 
pressure, the accumulated excess pore pressure is not large 
enough to liquefy the soil (pmax=3 cm versus p’/γ =12.5 
cm). Comparison of Fig. 3 and Fig. 2 c (the case of the 
loosely-packed cover stones, three-layers deep) shows that 
the pressure responses in the two cases are quite similar. 
The pressure accumulates in both cases but the soil is not 
liquefied. The time series for the other depths where the 
pressure measurements were made behaved in much the 
same way as that at z=16 cm (Fig. 3). 
 
Although the soil was not liquefied, the cover stones 
experienced some downward displacement/sinking 
(O(0.5-1 cm)) throughout the test. This is due to suction 
removal (winnowing) of the base sediment from between 
the stones. The sediment removed in this way is brought 
into suspension near the bed just above the stones, and 
subsequently transported in the offshore direction by the 
steady streaming of the wave boundary layer (see, e.g.,  
 
 
Figure 3. Time series of excess pore pressure in the soil at z=16 cm. 
Densely-packed, one-layer cover stones (No liquefaction). 
 
 
Reference [4], for steady streaming), and as a result of this 
process, they sink, in precisely the same fashion as 
described in Reference [10] where the base sediment 
brought into suspension from between armour 
blocks/stones is transported by steady current, the flow 
environment studied in [10]. Since this is outside the 
scope of the present investigation, the subject will not be 
pursued further. 
   
The present results generally agree with the centrifuge 
wave-testing results of [3]. The latter authors also 
observed no liquefaction when a liquefaction-prone soil 
was covered fully with gravel while they observed 
liquefaction when the soil was partially covered with 
gravel. 
C. Mechanism of soil liquefaction under cover stones 
From the preceding paragraphs, it is seen that the soil 
under cover stones behaves differently, depending on (1) 
the packing density of the cover stones (loose or dense) 
and (2) the number of layers in the cover stones. The soil 
is liquefied when the cover stones are loosely packed and 
when they are one-layer and two-layers deep, whereas the 
soil is not liquefied when the cover stones are three-layers 
deep although they are loosely packed. It is also observed 
that the soil is not liquefied when the cover stones are 
densely packed and one-layer thick. The observed 
behaviour of the soil is explained as follows. 
  
There are three ''components” in the process of buildup 
of excess pore pressure in the case with no cover stones 
(the reference case):  
 
1. The cyclic bed pressure caused by the wave passing 
overhead;  
2. The cyclic shear strains in the soil caused by the 
previously mentioned cyclic bed pressure; and 
3. Obviously the soil should be loose enough for soil 
grains to rearrange, resulting in the buildup of excess 
pore pressure and eventually liquefaction.  
 
    This is for the case with no stones on the bed. However 
we can expect that the same kind of mechanism takes 
place also in the case when the soil is covered with stones. 
Regarding Item 1 above, the present pressure 
measurements made at the bed just beneath the stone layer 
revealed that the pressure at the bed was the same as that 
in the no-stone case, irrespective of the packing pattern of 
stones (loose packing or dense packing), and therefore the 
first component of the process of the buildup of excess 
pore pressure (Item 1 above) existed also in the presence 
of cover stones, and this is irrespective of the packing 
patterns tested. 
  
Since the bed pressure in the case of the one-layer, 
densely packed cover stones was exactly the same as that 
in the case of the one-layer, loosely packed cover stones, 
then the question is why the soil was not liquefied in the 
former case and liquefied in the latter case.  
 
This is essentially linked to the condition in Item 2 
above, namely, in the case of the densely-packed stones, 
there is not enough space beneath the stones for the soil to 
''breath''. (For the effect in Item 2 to take place – i.e., for 
the soil to experience the cyclic shear strains – the space 
above the mudline must be free so that the soil is able to 
expand and contract in the vertical direction, i.e., the soil 
is able to ''breath'', when it is undergoing the cyclic bed 
pressure.) Since there is not enough space beneath the 
stones for the soil to ''breath'', not enough shear strains 
will be generated in the case of the densely-packed cover 
stones. Once the soil is prevented from undergoing the 
cyclic shear strains (completely or even partially), then the 
soil grains will fail to rearrange adequately, and therefore 
not enough excess pore pressure will build up, and hence 
no liquefaction will occur. This explains why the soil was 
not liquefied when the stones were densely packed. 
  
By contrast, in the case of the loosely-packed stones, 
there is plenty of room beneath the stones for the soil to 
''breath'' (when subjected to the bed pressure) so that the 
soil will undergo the cyclic shear strains, leading to the 
buildup of excess pore pressure and eventual liquefaction. 
  
It may be noted, however, that, in the case of the 
densely-packed cover stones, there are two additional 
effects. (1) The surface loading corresponding to the 
densely-packed stones, ps, is larger than that 
corresponding to the loosely packed stones. However, our 
measurements showed that ps is even larger in the case of 
the two-layers, loosely packed stones, and, in this latter 
case, the soil is liquefied, and therefore it can be 
concluded that the contribution from this effect is not very 
significant. (2) Although our measurements are unable to 
resolve the relative density of the soil in the case of the 
densely-packed stones, this quantity is expected to be 
slightly larger in the case of the densely-packed stones 
than in the case of the loosely-packed stones, and this 
may, to some degree, contribute to the observed no-
liquefaction response of the soil in the case of the densely-
packed cover stones.  
  
(At this juncture, it is interesting to note that, in the two 
experiments in Reference [3] where liquefaction did not 
occur, the D50=3 mm coarse sand simulating the gravel 
cover had a depth of 1 cm in one test and 2 cm in the 
other, and although no porosity data were given in the 
original publication, it is seen that the number of cover 
gravel layers (at least three or even more) was apparently 
too big to cause liquefaction) 
D. Sinking of stones in the case of liquefaction 
In the case where the soil was liquefied, cover stones 
sank in the liquefied soil, in precisely the same fashion as 
in the experiments of [8]. (In the latter work, sinking of 
marine objects, such as pipelines, spherical and cube-
shaped bodies was studied in great detail). 
  
In one experiment where the soil was liquefied a 
member of cover-stones layer was mounted to a frame 
which was free to move in the vertical direction; the set-up 
used for this experiment was the same as that used in [8]. 
The downward displacement of the stone was recorded, 
using a potentiometer. The latter showed that the stone 
began to sink as soon as the soil was liquefied. One 
interesting observation was that the stone in its downward 
motion came to rest not at the impermeable base of the 
soil box, but at about 3 cm above it (Fig. 1). This is linked 
to the so-called compaction process. 
  
Stones begin to sink in the soil as soon as the 
liquefaction sets in. The liquefaction process spreads 
downwards very rapidly, and is followed by the 
compaction process. The compaction process first begins 
at the impermeable base and gradually progresses in the 
upward direction as the pore water is drained out of the 
soil. The downward motion of the stones eventually 
terminates when the stones, on their way, meet the 
compaction front. The stones will be ''arrested'' completely 
as the compaction front continues to progress upward. 
(Note that the complete sequence of events from the 
buildup of pore pressure, to the resulting liquefaction, to 
the behaviour of the two-layered system of liquid of 
different density (the water column and the liquefied soil), 
to the compaction of the soil (starting from the 
impermeable base and progressing upwards until it 
reaches the mudline, and to the formation of ripples on the 
''hardened'', dense sediment bed) is described in Reference 
[6].) 
IV. REMARKS ON PRACTICAL APPLICATIONS 
Use of select backfill (which will not liquefy) may 
probably be the only counter measure if there is a potential 
for liquefaction for a given soil (hydraulic fill or naturally 
deposited). Although surface protection by cover 
gravel/riprap over the backfill soil is a method 
recommended to protect the backfill soil against scouring 
(as mentioned previously), the present study has 
demonstrated that this method can also prove to be an 
option to protect soil against liquefaction, a result also 
obtained by [3]. The present results have shown that, with 
the implementation of this method, a liquefiable soil may 
be protected against liquefaction provided that cover 
stones are designed properly. To this end, the following 
recommendations may be made. 
  
1. Stones need to be placed on the bed so that the 
porosity is small. The cover stones in the present study 
with dense packing corresponding to a porosity of 0.36 
prevented the soil from liquefying even with a single 
cover layer. 
  
2. Considering that such small porosities may not be 
easily achieved in practice (reported values for porosity 
being 0.38-0.40 for quarry stones, 0.47 for cubes, 0.50 for 
tetrapods and 0.63 for dolos, Reference [11]), it is 
recommended that multi-layer cover stones be 
implemented. The present study showed that loosely-
packed (with a porosity of 0.62), three- (or more) layers 
cover stones prevented the soil from liquefying. 
  
3. The above observations essentially appear to be the 
general guidelines from the present study. However it is 
recommended that an assessment study be carried out 
whether or not there is a liquefaction potential of the soil, 
given the cover-stones characteristics (the stone size, the 
porosity and the number of layers). 
V. CONCLUSIONS 
1. A liquefiable soil covered by gravel/stones/riprap 
may or may not be liquefied beneath a progressive wave, 
depending on the packing density of the cover layer; and 
the number of stone layers among other factors such as the 
relative density of the soil, the wave characteristics, etc. 
  
2. The present experiments showed that soil under a 
loosely-packed stone layer (with a porosity of 0.57-0.63) 
was liquefied when the cover stones were one-layer and 
two-layers deep. Soil covered with three-layers stones (or 
more) was not liquefied at all. 
  
3. The present experiments also showed that soil with 
densely-packed (with a porosity of 0.36) cover stones was 
not liquefied either even when the cover stones were one-
layer deep. 
   
4. In the case of soil liquefaction, cover stones sink in 
the liquefied soil. The experiments showed that the 
downward motion of the cover stones comes practically to 
a complete stop when the stones meet the compaction 
front travelling upwards. As the compaction front 
continues to travel upwards, the cover stones are 
completely ''arrested'' in the compacted soil. 
  
5. The present results demonstrate that cover stones 
could be an option as a counter measure to protect soil 
against liquefaction. Recommendations are made as to 
how to implement the preceding finding.  
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